A Drosophila gene encoding a homologue of vertebrate arrestin was isolated by subtractive hybridization and identified as a member of a set of genes that are preferentially expressed in the visual system. This gene encodes a 364-amino acid protein that displays >40% amino acid sequence identity with human and bovine arrestin. Interestingly, the Drosophila homologue lacks the C-terminal sequences that were postulated to interact with rhodopsin during the quenching of the phototransduction cascade in the vertebrate visual response. These findings are discussed in terms of invertebrate phototransduction. The Drosophila gene was mapped cytogenetically to chromosomal position 36D1-2, near the ninaD locus. However, the arrestin gene does not appear to be the ninaD locus, as sequence analysis of three ethylmethane sulfateinduced ninaD mutant alleles reveals no alteration in amino acid sequence.
an absorbed photon into a change of the ionic permeabilities of the photoreceptor cell membrane. This light-induced change in ionic conductances gives rise to the receptor potential and synaptic activity of the photoreceptor cell. The mechanism of visual excitation in vertebrate photoreceptors is the best understood of all sensory transduction processes (1) (2) (3) (4) . Light activation of rhodopsin is the first step in the visual response. In the vertebrate, photoactivated rhodopsin molecules activate a guanine nucleotide-binding (G) protein, transducin, which in turn activates a cGMP phosphodiesterase. The reduction of intracellular levels of cGMP leads to the transient closure of a cGMP-gated cation-selective channel and hyperpolarization of the photoreceptor cell.
Unlike vertebrates, the microvillar photoreceptors of invertebrates depolarize in response to light and thus open their cation-selective channels. The identity of the intracellular transmitter(s) that mediates excitation in invertebrates has eluded firm identification. Similarly, the enzyme cascade that triggers the visual response has not been defined. However, there is a large body of physiological, genetic, and biochemical work that has strongly implicated calcium and inositol phospholipid metabolism in excitation of dipteran and Limulus photoreceptors (5) (6) (7) . It is believed that photoactivated rhodopsin interacts with a G protein, which in turn activates a phospholipase C. Phospholipase C would then catalyze the generation of the second messenger inositol 1,4,5-trisphosphate and the subsequent mobilization of calcium from intracellular storage sites. The transient increase in calcium levels (or inositol 1,4,5-trisphosphate) would then lead to the opening of a cation-selective channel and the generation of a depolarizing receptor potential. Strong support for this model was recently provided by the demonstration that the Drosophila no-receptor potential A (norpA) gene encodes a phospholipase C that is abundantly expressed in the adult retina (8, 9) ; severe mutations of this gene completely abolish the photoresponse (10) . In addition, a light-activated GTPase activity in the expected quantities and with the expected kinetics has been demonstrated in Drosophila, strongly suggesting the existence of a transducin homologue in this system (11) .
The mechanisms underlying receptor inactivation are not well understood in any of the known G protein-coupled transduction processes (12 (13) (14) (15) . The existence of a similar biochemical activity has also been postulated for the inactivation of agonist-activated 1-adrenergic receptor (16) . The identification and availability of an arrestin gene from a system suitable for molecular, biochemical, and physiological manipulation would allow a detailed dissection of its precise role in G protein-coupled transduction processes.
We now report the isolation and characterization of a Drosophila gene, Arr,* encoding an arrestin homologue. Arr displays >40% amino acid identity with the bovine and human sequences, except that the C terminus is 30 residues shorter than its mammalian counterparts. Surprisingly, this C-terminal sequence corresponds to the region of arrestin that is believed to interact with rhodopsin (17) . These findings are discussed in terms of vertebrate and invertebrate phototransduction. The Drosophila arrestin gene has been independently cloned by Benzer and co-workers (18) .
MATERIALS AND METHODS
DNA and RNA Isolations. RNA was isolated from adult heads, bodies, or whole flies from Oregon R strain at different developmental stages as described (19) . Poly(A)+ RNA was isolated by affinity chromatography on oligo(dT)-cellulose columns (20) . Drosophila genomic DNA was isolated by homogenization of whole flies in grind buffer (80 mM NaCl/ 160 mM sucrose/58 mM EDTA/0.5% sodium dodecyl sulfate/124 mM Tris, pH 9.2). Nucleic acids were precipitated in ethanol after addition of 8 M potassium acetate to a final concentration of 1 M. Subtractive hybridizations were carried out as described (21) .
Blotting and Hybridization of DNA and RNA. Poly(A)+ RNA was size-fractionated in a formaldehyde agarose gel and Abbreviation: G protein, guanine nucleotide-binding protein.
*The sequence reported in this paper has been deposited in the GenBank data base (accession no. M30177).
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. blotted onto nylon membrane or nitrocellulose paper as described by Maniatis et al. (22 Fig. 5 ). Extension was carried out with avian myeloblastosis virus reverse transcriptase (BRL) as described by Maniatis et al. (22) .
In Situ Hybridization to Polytene Chromosomes and Tissue Sections. Polytene chromosome squashes (Canton S strain) were prepared as described (19) . Hybridization with biotinylated DNA probes were carried out according to LangerSofer et al. (24) with the following modifications: DNA was nick-translated by using Bio-16 dUTP (Enzo Biochemicals), and hybrids were detected by using a Detek-I-HRP detection kit (Enzo Biochemicals). Preparation of 8-,um frozen sections and hybridization of 3H-labeled probes were as described by Hafen et al. (25) , except that the Pronase treatment was omitted in the pretreatment of the sections.
Analysis of Arrestin Gene in ninaD Alleles. The Arr gene from flies homozygous for three different ninaD mutant alleles (ninaL963, ninaD246, and ninaDTH382) was amplified by the polymerase chain reaction (26) . Briefly, oligonucleotides corresponding to nucleotides +23 to +40 and complementary to nucleotides 2026 to 2009 (see Fig. 5 ), each with attached EcoRI linkers flanking the sequence, were used to prime the amplification of Arr from genomic DNA. The amplification cycle consisted of denaturation for 2 min at 94°C, hybridization for 2 min at 42°C, and synthesis for 10 ;min at 72°C. The amplified DNA was digested with EcoRI and subcloned into M13mpl8 and -mpl9 single-stranded vectors. At least three independent clones were analyzed for each mutant to avoid errors occurring during the amplification of DNA. the retina and the ocelli. To determine the developmental profile ofexpression of A36, poly(A)+ RNA was isolated from wild-type Oregon R flies at different times during development, fractionated on an agarose-formaldehyde gel, and hybridized to a labeled 0.85-kb BamHI-EcoRI fragment of A36. Fig. 2 shows that the 1.6-kb RNA species accumulates only by late pupation (8 days) and reaches maximum levels after eclosion (10 days). Interestingly, this is the time when most genes involved in phototransduction are first transcribed (19, 21, (28) (29) (30) . Clone A36 was mapped by in situ hybridization to polytene chromosomes to position 36D1-2 (Fig. 4) , within the cytogenetic location of the ninaD gene (31) . The ninaD locus is one of eight known complementation groups that drastically affect rhodopsin levels in Drosophila (ninaA ... ninaH, neither-inactivation-nor-afterpotential) (10, 31, 32) . ninaA encodes a photoreceptor cell-specific prolyl-cis-trans isomerase that may be involved in rhodopsin folding (21, 33) ; ninaC encodes a cytoskeletal component of the photoreceptor rhabdomeres (30, 32) , and ninaE is the structural gene for the rhodopsin expressed in the major class of photoreceptor cells (19, 34) . Both ninaB and ninaD encode proteins likely to be involved in chromophore metabolism; ninaB mutant flies can be rescued by supplementing food with retinal, whereas ninaD flies can be rescued by supplementing food with many vitamin A derivatives (31) .
RESULTS AND DISCUSSION
Isolation of A36, a Drosophila Arrestin Gene. To isolate genes that are likely to encode proteins involved in the phototransduction process, we used a subtractive hybridization protocol to identify genes that are preferentially expressed in the compound eyes of Drosophila melanogaster (21) . Our strategy was based on the availability of mutant Drosophila strains carrying a complete loss of the adult compound eye (eyes absent: eya) (27) and the finding that a large number of the components of the visual transduction cascade appear to be encoded by visual system-specific transcripts rather than by ubiquitously expressed genes (19, 21, (28) (29) (30) . Genomic clones selected in our screen were used as probes for in situ hybridization to salivary gland chromosomes to determine their cytogenetic map positions. Two of 120 eye-specific clones we isolated (Fig. 1) contained overlapping sequences that encoded a very abundant 1.6 kilobase (kb) transcript (Fig. 2) . To determine the specific sites of expression of this gene we determined the spatial distribution of its mRNA by in situ hybridizations to tissue sections of the wild-type head. Fig. 3 Fig. 1 ) to screen a Drosophila head cDNA library and isolated several cDNA clones. Using M13 dideoxynucleoside triphosphate sequencing we have determined the nucleotide sequence of one of those cDNA clones and of the 3.5-kb genomic fragment of A36 (Fig. 1). Fig. 5 shows the nucleotide sequence and the deduced amino acid sequence of the A36 gene. The Drosophila arrestin gene is divided into four exons by three introns of 421, 233, and 60 nucleotides, respectively. The structure of the RNA (Fig. 1) and GTGTAGGAATTGGTACCCATATTCGATTGAAGTATCTTATAGTTTGAAAATAACTTCAGT 360 GTAACTTTTGTTTCAACTTAACACATTGGAATTTTTAATACCTTCCTTGAAAAGTGATAT 420 CAAATCAAAATTATATTATAAAAACTCCATTTCGAATCTGCATATGCCGACCAGCAAATA 480 TAAACTCAGGGAGTTATTCAAAATTGCATCTGAATTCAATAGCCTAGGGAGTTAAGTTAA 540 ATTGGCTGCGCTAGCAGCTAACCAAGTTCATCGATTACGCGAGCAAAGCAAACCAAGAGG 600
TCTGGCCTCGACCACACTGTGAGTAAAATTTATTCACATCATAGCTTAGCAGATGAAACA 1500 TTAATATTATACTCTATTAAGTATCAACTTAAAATCATACCATAAAATCAATCAAATTTT 1560 AAAGTTAGGAACCTTTTTAAAAATCGTATTTTCCCGGTGACTAACAGTTCTTTAGCTAAA 1620 TGTGTTTACAAAATGGCATAAAACGCATACTAATACTAAGTGAAAAATGCATATTTAAAA 1680 Nucleotide sequence and deduced amino acid sequence ofDrosophila arrestin. The sequence shown was determined on both strands of the genomic (Canton S) and cDNA clones (Oregon R) (see Fig. 1 ). The boxed region shows the putative TATA box. The arrow at + 1 indicates the start of transcription as determined by primer extensions. The putative poly(A)+ addition signal is underlined at position 2118-2123. The deduced protein sequence (in one-letter code) is shown aligned under the nucleotide sequence. Gaps indicate the presence of introns (see Fig. 1 ).
were determined by comparison of genomic and cDNA sequences and by performing primer-extension analysis.
Comparison of the deduced amino acid sequence of A36 with previously sequenced genes and proteins revealed very high homology to the bovine retinal arrestin protein (Fig. 6 ). These two proteins display >40% amino acid identity throughout their length (shaded residues in Fig. 6) ; conserved substitutions account for >17% of the remaining amino acid residues (unshaded boxes in Fig. 6 ). Arrestin, also known as S-antigen or 48 kDa-protein, is a very abundant soluble protein found in the vertebrate retinal and pineal photoreceptors (35, 36) . Human and bovine S-antigen are very immunogenic and have been linked to vision-threatening ocular autoimmune disorders (37, 38) . Recently, Kuhn and Proc. Natl. Acad. Sci. USA 87 (1990)
co-workers (14, 15) showed that photoactivated rhodopsin is phosphorylated by rhodopsin kinase and that arrestin binds to light-activated, phosphorylated rhodopsin, thereby inhibiting or "arresting" its ability to interact with transducin. Indeed, the existence of an activity involved in deactivating ligand-activated receptors after removal of the stimulus had long been postulated (39) . Interestingly, the predicted amino acid sequence of both human and bovine arrestins revealed regions of amino acid sequence homology with the a subunit of transducin, suggesting that these proteins may compete for a common binding site on rhodopsin (17, (40) (41) (42) arrestin (4) . It is interesting to note that vertebrate and invertebrate arrestins are far more conserved when compared with each other (42% amino acid identity; see Fig. 6 ) than rhodopsins (-22% identity between the major Drosophila opsin and bovine rhodopsin) (29) . These findings suggest that arrestin recognizes a structural motif in rhodopsin rather than primary sequence. In this regard, the major difference between the vertebrate and invertebrate arrestin molecules is the lack of the C-terminal 30 residues in the Drosophila protein, which contains the domain of homology with a-transducin in the human and bovine proteins. Thus, if termination of the active state of rhodopsin is similar in both phototransduction cascades and is carried out by competition between arrestin and transducin, it is not likely to be mediated exclusively by interactions in this C-terminal domain.
Finally, Zuckerman and Cheasty have postulated that arrestin functions at the level ofthe cGMP phosphodiesterase in the vertebrate visual cascade (43, 44) . However, the finding of a highly conserved arrestin in a visual system that most likely lacks cGMP phosphodiesterase as the effector molecule may argue against such a mechanism.
Arrestin Is Not Encoded by the ninaD Locus. To determine whether Drosophila arrestin is encoded by the ninaD locus, we used the polymerase chain reaction to amplify the entire arrestin genomic sequence from three independent ninaD ethylmethane sulfate-induced alleles, ninaD246, ninaD263, and ninaDTH382 (31) . Thus, if arrestin were encoded by the ninaD gene, sequence alterations would be expected in these mutant DNAs. We determined the complete DNA sequence of all coding exons from the amplified Arr gene from all three alleles in homozygous flies with multiple independent polymerase chain reactions. Analysis revealed no coding differences from wild-type controls (data not shown). In addition, we examined the expression profile of arrestin transcript in ninaL)i46 mutant flies and observed no differences in either its size, abundance, or time ofexpression (Fig. 2) . Therefore, we conclude that Drosophila arrestin is probably not encoded by the ninaD locus, and that the 36D chromosomal region contains at least two genes encoding products involved in visual transduction. The existence ofchromosomal rearrangements and nearby marked transposable elements (45) should now permit the generation of mutants lacking the arrestin gene.
CONCLUDING REMARKS
We have isolated a Drosophila arrestin gene by a protocol involving subtractive hybridization, the generation of eyespecific probes, and subsequent identification of photoreceptor-specific genes. Drosophila arrestin is 364 residues long and displays 42% amino acid identity with the bovine and human proteins. Diptera and mammals are separated by >500 million years of evolution (46) . Thus, the amino acid sequence conservation between Drosophila and human arrestin is likely to reflect the presence of common events in both transduction cascades. The availability of an arrestin gene from a system suitable to genetic and molecular manipulation will allow detailed and precise characterization of the role of arrestin in the visual cascade and its possible involvement in other G protein-coupled receptor transduction processes.
